The mechanisms by which Legionella pneumophila, a facultative intracellular parasite and the agent of Legionnaires' disease, acquires iron are largely unexplained. Several earlier studies indicated that L. pneumophila does not elaborate siderophores. However, we now present evidence that supernatants from L. pneumophila cultures can contain a nonproteinaceous, high-affinity iron chelator. More specifically, when aerobically grown in a low-iron, chemically defined medium (CDM), L. pneumophila secretes a substance that is reactive in the chrome azurol S (CAS) assay. Importantly, the siderophore-like activity was only observed when the CDM cultures were inoculated to relatively high density with bacteria that had been grown overnight to log or early stationary phase in CDM or buffered yeast extract. Inocula derived from late-stationary-phase cultures, despite ultimately growing, consistently failed to result in the elaboration of siderophore-like activity. The Legionella CAS reactivity was detected in the culture supernatants of the serogroup 1 strains 130b and Philadelphia-1, as well as those from representatives of other serogroups and other Legionella species. The CAS-reactive substance was resistant to boiling and protease treatment and was associated with the <1-kDa supernatant fraction. As would also be expected for a siderophore, the addition of 0.5 or 2.0 M iron to the cultures repressed the expression of the CAS-reactive substance. Interestingly, the supernatants were negative in the Arnow, Csáky, and Rioux assays, indicating that the Legionella siderophore was not a classic catecholate or hydroxamate and, hence, might have a novel structure. We have designated the L. pneumophila siderophore legiobactin.
that were later examined were also described before (40, 96) . Other wild-type legionellae that were tested for the production of iron chelators are listed in Table 1 . Bacteria were maintained on buffered charcoal yeast extract agar for 3 days at 37°C (23) . In preparation for examination of their behavior in low-iron media, bacteria were grown in buffered yeast extract (BYE) broth, the standard liquid medium used to culture L. pneumophila. In order to assess the production of siderophores, legionellae were grown in a chemically defined medium (CDM) that lacked its iron component (79) . Deferrated BYE could not be reliably used for this purpose, since it, like other rich media, interfered with the siderophore (i.e., the CAS) assay (83) . Briefly, CDM ordinarily consists of the 20 amino acids, nine trace metals in addition to iron, pyruvate, glutathione, ␣-ketogluturate, morpholinepropanesulfonic acid (MOPS) buffer, KH 2 PO 4 , and NaCl (79) . All chemicals were purchased from Sigma Chemical Co., St. Louis, Mo.
Siderophore assays. Supernatants from Legionella cultures to be tested for siderophore activity were typically prepared in the following manner. First, bacteria from buffered charcoal yeast extract agar were suspended in 25 ml of BYE broth, contained within 125-ml flasks, to an optical density at 660 nm (OD 660 ) of approximately 0.1. The cultures were then incubated for different periods of time in an air incubator shaker set at 250 rpm and 37°C, and bacterial growth was assessed by recording the OD 660 . Next, the cultures were centrifuged for 10 min in a Beckman GPR tabletop centrifuge set at 3,000 rpm (1,620 ϫ g) and room temperature. After removal of the supernatants, the bacteria were suspended in 15 ml of the CDM base buffer (50 mM MOPS [pH 6.5], 2 mM KH 2 PO 4 , 50 mM NaCl) and then centrifuged as before. Following an additional wash and centrifugation, the bacteria were finally inoculated to different levels into 20 ml volumes of CDM contained within 125-ml flasks that either lacked an iron supplement or contained various amounts of ferric pyrophosphate. The CDM cultures were incubated in the same manner as the BYE cultures. At different times, 2.2-ml volumes of the cultures were removed, with the first 1 ml being examined in the spectrophotometer and under the microscope to gauge the culture's state of growth and purity, respectively. The remaining 1.2 ml was microcentrifuged at 16,000 ϫ g for 5 min, and then 1.0 ml of the resultant supernatant was carefully removed and tested for the presence of siderophores. Iron-chelating activity was detected within the supernatants (see below) whether or not the samples were passed through 0.2 m-pore-size sterilizing filters. In a few experiments, the bacteria were grown in CDM broth prior to final inoculation into the iron-depleted CDM assay medium. In those cases, the bacteria were adapted to liquid growth using BYE broth prior to culturing in the defined medium. All supernatants were stored in the refrigerator in polypropylene tubes, with the siderophore activity appearing to be stable for at least 3 months.
To observe siderophore activity in Legionella supernatants, we used the universal CAS assay as previously described (54, 68, 74, 83) . To detect certain types of siderophores, the Arnow, Csáky, and Rioux assays were performed (4, 17, 74, 81) . For these latter procedures, we increased the size of our cultures and assayed Ն50 ml of supernatant. Desferrioxamine (DFX) was used as the standard for the CAS and Csáky assays (34, 43, 54) , while 2,3-dihydroxybenzoic acid served as the standard for the Arnow and Rioux procedures (34, 79, 81) . The degrees of iron-chelating activity associated with cysteine, sodium citrate, phosphate (KH 2 PO 4 or NaH 2 PO 4 ), and salicylate were confirmed using the CAS assay (54, 83, 85) . Incidentally, although ␣-ketoglutarate and pyruvate are in CDM, we have confirmed that these keto acids do not have iron-chelating activity (20, 54) .
The approximate size of the CAS-reactive substance that was associated with the L. pneumophila cultures was determined by dialysis. More specifically, supernatants were placed within cellulose ester membrane bags (Spectrum, Houston, Tex.) that had 1-, 3-, and 10-kDa molecular size cutoffs and then dialyzed at 15°C in 2 liters of water that was replaced twice over a 24-h period. To assess the heat and protease susceptibility of the Legionella CAS reactivity, the supernatants were either boiled for 5 to 20 min or exposed to 1 mg of proteinase K per ml for 3 h at 37°C. Finally, to help ascertain the nature of the L. pneumophila siderophore, the supernatants were extracted with ethyl acetate, dichloromethane, or butanol and then reassessed for CAS reactivity (68, 74) . Miscellaneous biochemical analyses. The concentration of cysteine within L. pneumophila cultures was ascertained using the ninhydrin assay (29, 54) , while the level of citrate was determined by the citrate lyase assay (64) . A colorimetric detection kit from Sigma Chemical Co. was used to assess the presence of salicylate in the bacterial cultures. Fluorescence associated with L. pneumophila cultures was observed by examining filter-sterilized supernatants with a handheld UV lamp.
RESULTS
Discovery of CAS reactivity in L. pneumophila supernatants. While preparing to define the character of putative iron acquisition mutants, we observed that the growth of wild-type serogroup 1 strains in iron-depleted CDM was not consistent. In some experiments, as had been observed previously (54) , the bacteria displayed a prolonged lag phase, with peak growth occurring after 2 to 3 days of incubation. In others instances, they replicated with relatively little delay and achieved maximal levels within 1 day. The more rapid growth in low-iron media suggested that the strains might, under certain circumstances, be producing a siderophore. Thus, we tested the supernatants from iron-limited CDM cultures for the presence of a substance that reacts in the CAS assay. Both strains 130b and Philadelphia-1 appeared to produce high levels of CAS reactivity when grown through log phase in shaking, iron-depleted medium (see below). Before embarking upon a biochemical characterization of the L. pneumophila CAS reactivity, we sought to refine our protocol such that the siderophore-like activity was both consistently observed and optimally produced. In the process, we also hoped to reconcile our positive results with past negative reports regarding siderophore production by strains 130b and Philadelphia-1 and others (34, 43, 54, 79) .
Effect of inoculum on L. pneumophila CAS reactivity. Since all of our recent experiments had used comparably sized inocula derived from BYE cultures, we first determined whether the stage of growth of the inoculum influences CAS reactivity. Thus, we inoculated CDM with bacteria that had been grown for different amounts of time in standard BYE and then, at various times, assayed for multiplication and iron-chelating activity. Strain 130b inocula that were derived from late log to early stationary phase grew well in the CDM and displayed a strong CAS reactivity that was coincident with peak growth (Fig. 1A) . In contrast, inocula that were obtained from latestationary-phase BYE cultures replicated more slowly and, despite ultimately reaching a level of growth that was comparable to that of the other CDM cultures, never exhibited a CAS reactivity that was above that of the medium control (Fig. 1A) .
In subsequent experiments, we observed that 130b inocula originating from early-to mid-log BYE cultures also elicited a positive CAS reaction (Fig. 1B) . A strikingly similar result was obtained with strain Philadelphia-1 (data not shown). In all cases, the amount of CAS-reactive substance in the cultures, for some unknown reason, declined over time (Fig. 1, and  below) . The inability of the late-stationary-phase inocula to grow within the first 24 h was not unexpected; i.e., they probably contained fewer viable bacteria than did the inocula taken from earlier stages of growth. Since the ultimate production of a CAS-reactive substance could have been tightly linked to the overall viability of the starting culture, we examined CDM cultures that had been inoculated with increasing amounts of late-stationary-phase bacteria. As anticipated, rapid growth was achieved in those cultures that had received twice or three times the inoculum level used in the earlier experiments. However, these same cultures did not display any CAS reactivity (data not shown). To determine whether the inability of latestationary-phase inocula to yield CAS-positive cultures was reversible, late-stationary-phase bacteria were inoculated into BYE, and then, after the culture reached log phase, a portion of it was used to inoculate iron-depleted CDM. In this instance, CAS reactivity was evident in the resultant log-phase CDM culture, suggesting that the late stationary phase does not select for mutant legionellae that are defective for siderophore production but rather induces a phenotypic state that is not immediately conducive to the elaboration of an iron chelator. Taken together, these data confirm that L. pneumophila strains produce high levels of CAS-reactive material when grown in an iron-depleted defined medium. However, the production of that siderophore-like activity was highly dependent upon the stage of growth of the bacteria used to inoculate the medium.
The above-described experiments utilized relatively high numbers of bacteria to inoculate the assay medium; i.e., the initial OD 660 values of the CDM cultures were Ն0.3. In contrast, the starting OD 660 for earlier studies, when it was noted, was at least threefold lower (34, 54, 79) . Therefore, to determine whether the production of CAS-reactive material was also dependent upon the size of the inoculum, we inoculated iron-depleted CDM with decreasing amounts of bacteria and then monitored growth and iron-chelating activity (Fig. 2) . To optimize the chances of detecting a CAS reaction, the assay media were inoculated with 130b and Philadelphia-1 bacteria that had been grown to mid-or late-log phase. Cultures initiated at an OD 660 of 0.2 had growth and CAS reactivity patterns that were similar to those of cultures started at an OD 660 of 0.3. Inocula of 0.1 yielded slower growth but comparable levels of CAS reactivity, whereas inocula of 0.05 were associated with a prolonged lag phase and delayed and diminished chelating activity. Finally, those cultures started at an OD 660 of 0.01 either never grew or did so very slowly, yielding very little, if any, CAS-reactive substance. Thus, inoculum size influenced the ability of L. pneumophila to grow within iron-depleted CDM and to ultimately elaborate siderophore-like activity.
Whereas inocula in previous studies had been grown in either CDM, iron-depleted CDM, or iron-and other-metaldeficient CDM (34, 43, 54, 79) , we used inocula derived from standard BYE cultures. Since it seemed possible that medium constituents could affect ultimate CAS reactivity (74), we re- peated the basic experiment utilizing inocula that were derived from either BYE or CDM. To control for the amount of iron in the medium, the CDM was initially supplemented with ferric pyrophosphate, as is done for BYE. Strain 130b and Philadelphia-1 cultures started with a CDM inoculum produced just as much CAS reactivity as those initiated with a BYE inoculum. As had been seen with BYE inocula, the ability of CDM inocula to elicit rapid growth and CAS positivity was dependent upon their stage of growth; i.e., late-stationary-phase inocula never yielded a CAS-reactive substance (data not shown). To determine the effect of iron in the inoculum on final CAS reactivity, we started the assay culture using bacteria that had been grown in CDM containing decreasing amounts of ferric pyrophosphate (Fig. 3) . As seen earlier, inocula derived from CDM supplemented with 335 M iron grew very well in the iron-depleted defined medium and yielded a strong reaction in the CAS assay. Cultures that had been initiated with bacteria from CDM containing ca. 100, 40, and 20 M iron grew slightly slower but had marginally higher CAS reactivity. Finally, inocula taken from iron-depleted CDM promoted the least vigorous replication but still elicited CAS reactivity. These data indicate that the production of a siderophore-like activity by L. pneumophila is not strictly dependent upon the medium used to derive the inoculum but is influenced, to a relatively minor degree, by the amount of iron in that medium.
The CAS reactivity in L. pneumophila supernatants behaves like a siderophore. Since the Legionella CAS reactivity correlated with the extent of growth of iron-starved cultures, it appeared to represent a microbial siderophore. To gain support for this hypothesis, we first sought to determine whether the production of the CAS-reactive material, like that of siderophores, is repressed by increased amounts of iron in the assay medium (68, 74) . The inclusion of micromolar amounts of the metal diminished the CAS reactivity of Legionella supernatants (Fig. 4) . Whereas cultures receiving 0.5 M iron produced about one-half of the level of CAS reactivity of the 0 FIG. 2 . Effect of inoculum size on L. pneumophila CDM growth and CAS reactivity. Strain 130b bacteria were grown in BYE to late log phase (i.e., an OD 660 of 1.3), washed, and then introduced into iron-depleted CDM at an OD 660 of either 0.3 (E), 0.2 (ᮀ), 0.1 (‚), 0.05 (ƒ), or 0.01 (e ϩ). Over the next 3 days, the growth of the CDM cultures was monitored spectrophotometrically (top) and the CAS reactivity of culture supernatants was examined (bottom). The CAS reactivity contained within the CDM blank is also depicted (}). The values presented represent the means and standard deviations from duplicate cultures. Similar results were obtained with strain Philadelphia-1 (data not shown). Incidentally, the higher starting CAS reactivity of the CDM observed here was not unique to this experiment. Although we do not know its precise basis, it is linked to the age of the medium. M iron control, those cultures supplemented with 2.0 M iron did not show any increase in CAS reactivity. To be sure that these losses of reactivity were not due to the ability of added iron to directly reverse or inhibit the reaction between a chelator and the CAS dye, ferric pyrophosphate was added to supernatants that had been derived from iron-depleted cultures and then CAS reactions were performed as usual. In these cases, Ն4.0 M iron was needed before there was even the slightest reduction in the CAS reactivity of supernatants that initially contained 400 M or more DFX equivalents. Thus, the L. pneumophila CAS-reactive substance was iron regulated. To roughly ascertain the size of this material, 130b and Philadelphia-1 supernatants were dialyzed against membranes with various exclusion sizes and the retentate was tested for loss of iron-chelating activity. As is often the case for siderophores (68) , the Legionella CAS-reactive substance was less than 1 kDa in size. Finally, we observed that the CAS reactivity in 130b and Philadelphia-1 cultures was not diminished by heat or protease treatment, as is commonly seen with siderophores. Taken together, these data indicated that L. pneumophila CAS reactivity is due to an iron-repressed, low-molecular-weight, nonprotein substance.
Further considerations implied that this substance was not cysteine, phosphate, citrate, or tyrosine-based pigment, four factors that are not traditionally viewed as siderophores but which can facilitate the CAS reaction and/or bind iron (36, 53, 54, 83, 94) . First, the concentration of cysteine within the shaking 130b and Philadelphia-1 CDM cultures, although initially high, declined over time to a level that is CAS negative. Second, CAS activity was also observed after growth in CDM in which the cysteine was replaced with cystine (data not shown) (54) . Third, since CDM only contains 2 mM phosphate (79), the legionellae would have to have produced Ͼ98 mM phosphate to account for any of the CAS reactivity that was observed (83) . Our own standard curve for phosphate further indicated that a Ͼ498 mM concentration of the molecule would have been needed to provide the ca. 1,000 M DFX equivalents that was commonly seen in the L. pneumophila cultures (data not shown). Fourth, CDM does not contain any citrate (79) , and although only 5 mM citrate corresponds to 800 M DFX equivalents, specific assays failed to detect the compound within the CAS-positive bacterial cultures (data not shown). Fifth, a Philadelphia-1 derivative that is defective for production of brown pigment, a heterogeneous polymer of homogentisic acid, was not impaired in CAS reactivity (Fig. 5 ) (96) . Sixth, L. pneumophila CAS reactivity, like most siderophore activities, peaked during late log to early stationary phase (Fig. 1) , further indicating that it is not a secondary metabolite or late-stationary-phase pigment, like the homogentisic acid polymer, with low iron-chelating activity (74, 83) . It should be added that since the Legionella supernatants had a nearly neutral pH, their CAS reactivity is not simply a pH effect (83) . In summary, our initial biochemical characterization of the CAS reactivity in 130b and Philadelphia-1 supernatants indicated that L. pneumophila strains do, indeed, produce siderophores.
Initial investigation into the structural nature of the L. pneumophila siderophore. For two reasons, we initially suspected that the Legionella siderophore was catecholate in nature. First, the supernatants promoted a very fast CAS reaction, a characteristic that is commonly associated with catecholates (68) . Second, the CAS reactivity within the cultures declined with prolonged incubation, and the catecholates, being more susceptible to oxidation, are less stable than hydroxamates. Thus, we determined if Philadelphia-1 and 130b supernatants contain a substance that is recognized in the Arnow assay (4, 68, 74) . Using supernatants that contained as much as 1,000 M DFX equivalents, the Arnow test yielded negative results, showing that the Legionella siderophore was not a catecholate. To confirm this notion, the supernatants were examined using the protocol of Rioux et al. (81) , a method that is seven times more sensitive than the Arnow assay and detects catechols substituted at position 3 or 4. Again, the L. pneumophila samples gave a negative reaction. Since the Legionella CAS reactivity was clearly not associated with a catecholate molecule, 130b and Philadelphia-1 supernatants were next tested for the ability to react in the Csáky assay, the standard protocol for detection of hydroxamate siderophores (17, 68, 74) . The fact that we had found an iron-regulated, aerobactin synthetase-like gene (frgA) in strain 130b also suggested that L. pneumophila might elaborate a hydroxamate siderophore (40) . However, the CAS-positive fractions were also nonreactive in the Csáky assay and our 130b frgA mutant, strain NU229, produced a level of CAS reactivity that was comparable to that of the wild-type strains (data not shown). Taken together, the classic structure-based assays imply that the L .   FIG. 4 . Effect of iron on production of CAS-reactive material. Strain 130b was grown in BYE to an OD 660 of 1.0, washed, and inoculated at an OD 660 of 0.1 into CDM containing 0 (F), 0.5 (s), or 2.0 (OE) M ferric pyrophosphate. Over the next 2 days, the growth (top) and CAS reactivity (bottom) of the cultures were monitored. The CAS reactivity pattern is the same for CDM controls containing 0, 0.5, or 2.0 M added iron. Thus, for simplicity, we have only depicted the CAS reactivity for the CDM blank with 0 M added iron ({). The values presented represent the means and standard deviations from duplicate cultures. The delay in peak growth and CAS reactivity for the culture with 0 M iron was due to the small size of the inoculum used (Fig. 2) . Another experiment determined that the CAS reactivity of Philadelphia-1 was also abolished by the inclusion of 2.0 M iron in the assay medium (data not shown).
pneumophila siderophore is not a typical catecholate or hydroxamate. To explore this further, we extracted the 130b and Philadelphia-1 supernatants with several organic solvents and then assayed for loss of CAS reactivity. The siderophore activity was not extracted by either ethyl acetate or dichloromethane, further indicating that it is not a classic catecholate or phenolate (5, 12, 15, 37, 68, 74, 85) . The reactivity was also not extractable with butanol, confirming that it is not a typical alcohol-soluble hydroxamate (68, 74) . Because some atypical siderophores, such as pyoverdin and salicylate, are fluorescent (15, 48, 85) , we examined the L. pneumophila supernatants under UV light. Interestingly, the log-phase and early-stationary-phase CAS-positive samples exhibited a blue fluorescence. Such fluorescence is reminiscent of salicylate, an Arnow-and Csáky-negative phenolate made by strains of Pseudomonas and Burkholderia (18, 61, 85) . However, 130b and Philadelphia-1 supernatants were found not to contain significant levels of salicylic acid.
Production of CAS reactivity by other L. pneumophila serogroups and other Legionella species. The L. pneumophila species consists of 14 serogroups, all of which have been represented by both clinical and environmental isolates (95) . In addition to L. pneumophila, the Legionella genus includes 42 other species of aquatic bacteria, of which 19 have also been associated with human disease (57, 70) . Thus, we determined whether CAS reactivity was produced by strains of nine other L. pneumophila serogroups and six other Legionella species. Bacteria representing these strains (Table 1) were grown in BYE to either log or early stationary phase, inoculated into shaking, iron-depleted CDM at an OD 660 of 0.3, and then monitored for 3 days. All L. pneumophila strains had a pattern of siderophore production that was comparable to that of strains 130b and Philadelphia-1 (data not shown). Strains representing five of the other Legionella species had a CAS reactivity profile that was similar to the L. pneumophila pattern (data not shown). Interestingly, the L. micdadei strain did not exhibit CAS reactivity, despite showing good growth in the CDM. Overall, these data suggest that siderophores are produced by many, but not all, legionellae.
DISCUSSION
We have discovered a substance within L. pneumophila supernatants that is reactive in the CAS assay. For a number of reasons, we strongly believe that this CAS-reactive substance represents a bona fide siderophore. First, the CAS assay has reliably identified and characterized a range of siderophores encompassing the iron chelators of over 20 bacterial genera (2, 3, 5, 12, 18, 20, 21, 27, 33, 36, 37, 38, 47, 48, 51, 58, 66, 68, 74, 80, 82, 85, 98) . Second, the presence of CAS-reactive material correlated with enhanced aerobic growth in an iron-depleted defined medium (68) . Third, the peak in reactivity occurred during the late log to the early stationary phase of growth (52, 74, 83) . Fourth, the chelating activity was repressed by as little as 0.5 M iron, a process that we suspect is mediated, at least in part, by Fur (16, 39) . Fifth, it was Ͻ1 kDa in size and was resistant to heat and proteases (68) . Sixth, it promoted a rapid CAS reaction; i.e., the color change began within 2 min and achieved a maximum in 30 to 60 min (83) . Seventh, the Legionella CAS reaction was intense, with cultures routinely containing ca. 1,000 M DFX equivalents. Eighth, it was not cysteine, the only CDM component that is CAS reactive (54) . Ninth, it was not phosphate or citrate, the only other nonsiderophores that are commonly associated with bacterial cultures and are known to be CAS reactive (68, 83) . Finally, a strong CAS reaction was consistently observed in the supernatants of two distinct strains of L. pneumophila. Hence, we designated the Arnow-negative, Csáky-negative, CAS-positive material produced by strains 130b and Philadelphia-1 legiobactin. Incidentally, the discovery of legiobactin and its promotion of growth in CDM lacking added iron also indicate that the L. pneumophila requirement for iron is not as great as has been intimated and may even be Ͻ1 M (6, 25, 45, 60, 71, 78) .
With the identification of legiobactin, Legionella is added to the list of 40 or so other bacterial genera that are known to secrete siderophores (94, 97) . This list has grown appreciably in recent years, largely due to the availability of the CAS assay. There are a number of other bacterial siderophores that, like legiobactin, do not possess the classic catecholate or hydroxamate structure and thus were or would have been overlooked by the Arnow and Csáky assays (12, 15, 18, 33, 37, 61, 68, 85, 94) . In some ways, it is not surprising that L. pneumophila produces a siderophore. Indeed, a number of other aquatic bacteria elaborate siderophores; e.g., species of Aeromonas, Alcaligenes, Alteromonas, Pseudomonas, and Vibrio all utilize this type of iron scavenger (94) . Similarly, a variety of other (5, 18, 19, 28, 35, 38, 56, 62, 97) . For some of these pathogens, including intraphagosomal, intracellular parasites, the siderophore is known to be critical for disease (19, 28, 38, 62, 67, 97) . Additional work is clearly needed to determine how legiobactin promotes L. pneumophila survival and if it fosters disease production. However, at this time, three basic scenarios can be presented. First, the siderophore only enhances extracellular replication and/or persistence. Support for this hypothesis comes from an increasing realization that L. pneumophila does grow extracellularly in the environment, particularly in biofilms (49, 50) . Second, legiobactin only promotes intracellular growth, be it in a protozoan or in a macrophage. Since the Legionella phagosome is now recognized as an iron-stressed environment, this hypothesis also has merit (9, 10, 14, 40, 76) . Finally, it is, of course, conceivable that legiobactin enhances both intra-and extracellular survival.
In addition to possessing a potentially novel structure, legiobactin appeared to be regulated in a unique manner. Curiously, whether an iron-starved culture produced legiobactin was heavily influenced by the nature of its initiating dose, with ultimate CAS reactivity being most affected by the stage of growth of the inoculum. Numerous experiments, using a variety of legionellae, indicated that log-phase or early-stationaryphase, but not late-stationary-phase, bacteria initiated a growth pattern that yielded legiobactin. We suspect that this is a reason why others and we did not observe legiobactin previously. For example, we had derived inocula from overnight BYE cultures that were undoubtedly in late stationary phase and others had inoculated with bacteria taken from 4-day-old CDM cultures (34, 54) . Incidentally, the fact that log-phase or early-stationary-phase inocula are needed for the robust growth of L. pneumophila in iron-deficient media may have also contributed to the past overestimates of the bacterium's iron requirement. To our knowledge, the dramatic influence of growth phase status on subsequent siderophore elaboration has not been documented before, for any type of bacteria. On the one hand, earlier studies were much concerned with ensuring that bacteria were sufficiently iron depleted before their introduction into the assay medium (68, 74) . Indeed, we also found that the iron content of the L. pneumophila inoculum influenced final siderophore output, albeit to a relatively minor degree. On the other hand, many studies have focused on the parameters that are present at the time that the siderophore is actually being produced and measured (22, 32, 42, 52, 74, 88) . In addition to the effects of iron, aeration, and growth phase that were noted earlier, carbon sources, other metals (e.g., cobalt, copper, magnesium, manganese, nickel, and zinc), cell density (i.e., quorum sensing), temperature, and pH all influence the ongoing production of siderophores. We, too, saw that the density of the initial CDM culture influenced the ultimate level of CAS reactivity within the iron-starved Legionella cultures. However, the reduced ability of small inocula to elicit legiobactin may have been an indirect effect of an inability to initiate appropriate growth. Thus, it will be of most interest to see if the inoculum growth phase effect that we observed has relevance in other microbial systems.
The molecular basis and biological significance of the novel aspects of legiobactin production remain to be determined; however, the following hypothesis seems plausible. It appears that as long as the legionellae are replicating, they are positioned to begin making legiobactin should iron levels decline. Yet, once the bacteria (completely) cease multiplying in late stationary phase, they apparently commit to a form of existence that is incompatible with and/or does not require subsequent siderophore production, even if iron becomes or remains scarce. Although other scenarios exist, it seems most logical that the siderophore normally promotes both extra-and intracellular replication, but then environmental alterations (akin to those seen in late-stationary-phase broth) temporarily convert the legionellae into a (less metabolically active?) form that does not need the iron chelator. Interestingly, data are accumulating which indicate that alterations in both extra-and intracellular environments cause L. pneumophila to undergo major shifts in physiology and structure (11, 30, 73, 87) .
The identification of legiobactin has increased significantly our appreciation of L. pneumophila iron acquisition. Furthermore, it led to the realization that other Legionella species can produce siderophore-like activity. We suspect, but clearly need to prove, that the CAS-reactive substances that are secreted by the other legionellae are legiobactin. Also, additional strains and growth conditions need to be tested before it can be concluded that L. micdadei does not excrete siderophores. However, L. micdadei is known to lack a number of key activities that are expressed by L. pneumophila (46, 69) . The discovery of legiobactin also confirms that the legionellae, like many other microbes, have multiple mechanisms for iron assimilation. As alluded to earlier, recent genetic data suggest the existence of a second L. pneumophila siderophore, which, unlike legiobactin, appears to be a hydroxamate (40) . We also believe the legionellae use heme acquisition, iron-loaded peptides, cytoplasmic and periplasmic ferric reductases, transferrin-degrading proteases, an iron-containing pigment, and ABC transporters (43, 45, 53, 71, 75, 89, 90 ; U. Prasad, S. Kurtz, V. Viswanathan, and N. P. Cianciotto, unpublished data). In addition, we are intrigued by those experiments in which strains of L. pneumophila and L. micdadei achieved high levels of growth in irondepleted CDM without producing a siderophore activity. It will be interesting to determine what types of iron uptake were operating under these conditions.
